
Pergamon 
Bioorganic & Medicinal Chemistry Letters 9 (1999) 1703-1708 

B I O O R G A N I C  & 

M E D I C I N A L  C H E M I S T R Y  

L E T T E R S  

P H O T O I N D U C E D  C R O S S - L I N K I N G  OF R N A  BY c i s -Rh(phen)2Cl2  + A N D  
• • 4- 

c i s -Rh(phen) (ph0Cl2  : A N E W  F A M I L Y  OF L I G H T  A C T I V A T A B L E  
N U C L E I C  ACID C R O S S - L I N K I N G  A G E N T S  1 

Taj Mohammad, a Chaoping Chen, b Peixuan Guo, b and Harry Morrison a 

Department ofaChemistry and bPathobiology, Purdue University, West Lafayette, IN 47907, U.S.A. 

Received 4 March 1999; accepted 7 May 1999 

Abstract: The metal complexes, eis-Rh(phen)2Cl2 + and its more hydrophobic analog eis-Rh(phen)(phi)Clz +, have 
been shown to photocross-link the 120-base d~29-encoded pRNA. Primer extension on the cis-Rh(phen)(phi)C12 +- 
photocross-linked RNA revealed that guanines are responsible for the interstrand cross-links. © 1999 Elsevier Science 
Ltd. All rights reserved. 

The development of reagents that can form interstrand cross-links in DNA or RNA continues to be a 

subject of considerable interest in the areas of molecular biology and rational drug design. 2 The modification of 

the genome through the creation of such cross-links leads to the inhibition of nucleic acid replication or extension, 

so that in many cases such agents are potential antitumor drugs. 2a'3 Photochemical cross-linking reagents are of 

particular interest, since such chemicals can be selectively activated both in time and space, thus providing a 

"switch-like" mechanism that permits the chemical to be turned on precisely when and where a desired biological 

effect is intended. 4 For example, psoralens are widely employed photoactivated cross-linking agents that are 

clinically used in the photochemotherapy of various skin diseases 5 and, more recently, in the photodetoxification of 

blood. 6 Psoralens predominantly target Us and Ts in RNA and DNA, respectively] and we are unaware of light- 

activatable reagents that can create such cross-links between purines] '8 We thus report here two rhodium(III) 

octahedral complexes that, upon UVA (320-400 nm) excitation, form cross-links in nucleic acid through the 

involvement ofpurines which are proximal within the context of the tertiary structure of the pRNA. 

The metal complexes are cis-Rh(phen)2Cl2 ÷ ("BISPHEN", phen = 1,10-phenanthroline) 9 and cis- 

Rh(phen)(phi)C12 + ("PHENPHI", phi = 9,10-phenanthrenequinone diimine) l'l° (see structures below). We have 
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shown that BISPHEN is stable when mixed with DNA in the dark, but undergoes aquation and forms covalent dG 

adducts with calf thymus DNA upon irradiation with UVA light. 11 The complex preferentially targets purines, and 

of  the purines does more so with guanine than with adenine analogs. 11a'llb There is evidence that metalation occurs 

at N1 and 06  of  deoxyguanosine, and at N3 of  deoxyadenosine, ltb'12 via an electron transfer mechanism] la 

BISPHEN photosensitizes the inactivation of  infectious bacteriophage dsDNA, 11c apparently by sensitizing 

pyrimidine dimerization. Ilc PHENPHI covalently binds to DNA with comparable quantum efficiency, and also 

preferentially targets guanine. 1° The major advantage of PHENPHI is its increased hydrophobicity by virtue of  

which it is taken up by tumor KB cells. It is phototoxic to both KB cells ~° and bacteriophage d06 virus] 3 We now 

report that both metal complexes effectively form interstrand cross-links in 120-base d029-encoded pRNA (see 

structure below) via covalent bond formation between two guanosine bases. This pRNA forms a hexameric 

complex to gear the DNA translocation process. 14 This is only the second class of  compounds (in addition to 

psoralens) known to cross-link nucleic acid upon irradiation, and represents the first example of the photoinitiated 

cross-linking ofpurines. 2*'s 

Mixtures of  BISPHEN (0.4 mM) and pRNA tS'16 (ca. 1.0 ~tg) were irradiated with long wavelength UV light 

(365 nm) 17 at 0 °C for different intervals and analyzed on an 8% polyacrylamide/8 M urea denaturing gel. A 

representative gel from several experiments is shown in Figure 1 (panel A). It is clear that controls o fpRNA with 

BISPHEN/no light (lane 4) and with light/no BISPHEN (lane 2) produced no new bands. However, pRNA 

irradiated in the presence of  BISPHEN (400 and 1000 ktM) produced a new band with slower mobility than the 

untreated pRNA (lanes 1, 3 and 5-8). As demonstrated below, this new band was assigned to cross-linked pRNA. 

The video image digitized data 18 of  the cross-linked bands indicated that ca. 5% of  pRNA had been cross-linked in 
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Figure 1: Denaturing 8% polyacrylamide/8 M urea gel of  phototreated mixtures of  pRNA with 
BISPHEN (panel A) and PHENPHI (panel B). Panel A: lane 1, 10 h irradiation; lane 2, pRNA 
irradiated for 31 h in the absence of  BISPHEN; lane 3, 10 h irradiation with 1000 gM BISPHEN; lane 
4, 15 h dark of  pRNA/BISPHEN; lane 5, 5 h irradiation; lane 6, 15 h irradiation; lane 7, 25 h 
irradiation; lane 8, 31 h irradiation. All irradiations were in air at 0 °C with 400 IJM BISPHEN except 
for lane 2 and 3 as noted above. Panel B: lane 1, pRNA irradiated in absence of  PHENPHI; lane 2-6, 
pRNA irradiated in presence of 15, 30, 60, 120 and 250 ~tM PHENPHI, respectively. All irradiations 
were under air at 0 °C for 16 h; pRNA degradation is evident in the last lane. 
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in lanes 6-8. At higher concentrations of  BISPHEN (ca.1.0 mM) there was also some degradation of  the nucleic 

acid as is evident from the reduction in the density of  the intact pRNA band (lane 3). The degradation was found 

to be a function of  the absorbed UV dose. 19 It should be noted that the band labeled as "uncross-linked" is likely to 

be a mixture of  unmodified RNA and RNA containing monoadduct(s); these are indistinguishable under the 

electrophoretic conditions. 

pRNA (ca. 1.0 lag) was irradiated under similar conditions for 16 h with increasing amounts of PHENPHI 

(0-250 laM). The resultant gel is also presented in Figure 1 (panel B). One major cross-linked band was produced 

with slower mobility than the uncross-linked pRNA ((lanes 2-5). This band was absent when the pRNA was 

irradiated without PHENPHI (lane 1). Visual examination indicates that 15-120 laM PHENPHI cross-linked ca. 
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F i g u r e  2: Autoradiogram of  an 8% denaturing 
polyacrylamide/8 M urea sequencing gel 
showing termination sites of  primer extension 
on isolated pRNA after irradiation with 
PHENPHI. Primer PI 1 was used for extension 
with samples in lanes 1-4, while primer P71 
was used in lanes 5-7. Lane 1, untreated 
pRNA; lane 2, empty; lane 3 and 5, cross- 
linked pRNA isolated from the gel after 
irradiation with PHENPHI; lane 4 and 6, 
uncross-linked pRNA isolated from the gel 
after irradiation with PHENPHI; lane 7, reverse 
transcripts of untreated pRNA in the presence 
of ddATP to reveal terminations at Us for 
sequencing reading. Note that during primer 
extension, chain termination occurs one base 
prior to (downstream of) the cross-linking sites 
as marked for Gs; monoadducts account for 
additional terminations in lanes 3-6. Stronger 
bands corresponding to G75, G30 and G28 
were observed with the PHENPHI- 
photosensitized cross-linked samples. 
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5-10% of  the pRNA, with 100 ktM giving optimal results. In a separate experiment, the mobility of  the cross- 

linked band was found to be comparable to that observed for the crosszlinked pRNA produced by irradiation of  the 

RNA with 4'-aminomethyl-4, 5',8-trimethylpsoralen 2° (data not shown). As was the case with BISPHEN (vide 

supra), degradation of  the pRNA was observed at concentrations > 120 ~M (lane 6). 

To identify the cross-linking sites, the cross-linked and uncross-linked bands were separately excised, and 

extracted overnight with 100 ~L of  elution buffer at 37 °C. The extracted pRNAs were precipitated with ethanol 

and the pellets dissolved in nuclease-free water (2.4 ~L). The isolated RNA samples served as templates for 

primer extension. The cross-linked pRNA was annealed with 5'[y-32p]-labeled P11 or P71 primers at 75 °C for 10 

min, followed by cooling to ca. 30 °C for 20 min. These two primers target the 3' end and the middle region of the 

pRNA sequence, respectively. Avian myeloblastosis virus (AMV) reverse transcriptase was used for chain 

elongation, and the eDNA was run on an 8% polyacrylamide/8 M urea sequencing gel. DNA synthesis on the 

photocross-linked pRNA template generated a population of DNA fragments (cf. lane 3 and 5 in Figure 2), 

suggesting that duplex synthesis had been terminated. To aid in the identification of  the termination sites, the 

DNA fragments containing a U ladder were generated (lane 7) by reverse transcription in the presence ofddATP, 2I 

and were electrophoresed in parallel with the samples in lanes 5 and 6. Primer extension on the untreated pRNA 

(lane 1) served as a background control for non-specific stops. The uncross-linked pRNA in lanes 4 and 6 gave 

more specific chain termination points than the untreated pRNA (lane 1), with monoadducts presumably 

accounting for most of  the stops. Analysis of  the termination sites from the cross-linked pRNA template produced 

strong stops prior to G28 and G30 (see lane 5 in Figure 2). This is consistent with our earlier observations that the 
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Figure 3: Schematic diagram of pRNA showing PHENPHI cross-linking sites. 
The pRNA sequence and its secondary structure are drawn based on sequencing, 
mutagenesis and ribonuclease probingJ 4-16 P l l  and P71, indicated with 
arrowhead lines, were the two primers used for primer extension. Chain 
elongation stops at one base prior to the cross-linked G are indicated by the 
arrows. The cross-linked Gs are in bold and the potential cross-linking pairs are 
linked with dashed lines. 
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metal complexes preferentially target Gs (see above). 22-24 In addition, primer 11, which is complementary to the 

3' end of  pRNA, produced a strong band corresponding to a stop prior to G75 (lane 3). G75 is well positioned 

relative to G28 and G30 in the three-helix junction area of  the pRNA. From these data we conclude that RNA 

cross-linking results from the covalent bond formation of  PHENPHI to G75 and G28 or G30. However, the data in 

hand do not allow us to determine the relative contribution of stops at G28 and G30 to the overall cross-linking to 

G75. It may be added that the possibility for a cross-link between G28 and G30 themselves was excluded because 

such modification is not expected to result in a significant change in the pRNA mobility. 

This site selectivity exhibited by these metal complexes is reminiscent of  the covalent adducts cisplatin 

(cis-diamminedichloroplatinum(II), cis-Pt(NH3)2C12) forms with DNA in the dark, which involve predominantly 

intrastrand cross-links at N7 of  neighboring guanines. These cross-links are believed to be responsible for the 

antitumor activity of  cisplatin, 25 and we have noted above that both BISPHEN and PHENPHI are photocytotoxic. 

Further studies of  these and related complexes as potential photochemotherapeutic agents, and as photoactive 

probes for nucleic acid structure and function, are in progress. 
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